Introduction
Determination of moisture content in the insulating liquid of transformers is a routine measurement to determine the condition of its insulation system and to assess the risk of failure. Up to now, the majority of such measurements has been based on the Karl Fischer (KF) titration technique, which provides only spot values of this important parameter and does not give critical information about the temperature-dependent distribution of moisture between solid and liquid insulation.
In the last decade, capacitive polymer sensors have been increasingly used to evaluate moisture content in power transformers. Experiences show that effective integration of moisture sensors into on-line diagnostic systems involves the following steps to obtain correct moisture profiles of a transformer: proper placement of the sensor, gathering an adequate amount of data related to variations of load and temperature, and evaluation of the measured data by comparison to historical values. Availability of such moisture-in-transformer measurements and their correlation to operating temperatures opens up new diagnostic possibilities.
The introduction of on-line measuring methods requires new evaluation methodology, which, in many cases, does not follow the earlier elaborated procedures. Thus, introduction of capacitive sensors, which measure the relative moisture saturation in a liquid, requires acceptance by the transformer owners, which bring forward the following questions:
• Are the water content in liquid (expressed in mg/kg) as measured by KF titration and the relative moisture saturation value (in %) provided by capacitive sensor readings convertible? • What are the uncertainties of such conversion?
• Can the limits for relative moisture saturation be used to improve the risk evaluation of transformers in service?
This article attempts to respond to these questions by reporting on the results of a round robin test (RRT) performed by CIGRE Working Group D1.52 aimed at determining moisture saturation coefficients in different insulating liquids, including mineral oils, ester liquids, and a silicone oil. Three methods were evaluated by five independent laboratories. In addition, field experiences of on-line moisture monitoring on several operating transformers were also collected.
Convertibility Between KF Analyses and Capacitive Sensor Readings
As the conventional measurements of water content in transformer oil (WCL) have been well established, with reference data readily available for transformer condition assessment, there is a need to convert them into the data of relative moisture saturation (RS) and vice versa. This conversion depends on the moisture saturation characteristics of the oil in question and can be expressed through the relationships shown in Equations 1 and 2. The moisture saturation in oil (S) is temperature dependent and has an Arrhenius form. It can also be expressed in decimal logarithmic form as shown in Equation 3. 
where WCL is the absolute water content in liquid (mg/kg), RS is the relative saturation (%), S is the moisture saturation level (mg/kg), T is the absolute temperature (K), whereas A e , B e , A 10 , and B 10 are moisture saturation coefficients in Equations 2 and 3 that depend on fluid characteristics, its composition and condition [1] . As both natural and decimal logarithmic forms of coefficients are used in the literature, Equations (4) and (5) can be used for respective conversions.
A e = A 10 ln(10); B e = B 10 ln(10) (4)
A 10 = A e log(e); B 10 = B e log(e)
Methods for Determining Moisture Saturation Coefficients
As there is not so far any internationally standardized method for determining moisture saturation coefficients in insulating liquids, a variety of approaches have been introduced in the literature, using different equipment and procedures. This has become one of the major factors contributing to the variance in presented values of the coefficients. In addition, details of experimental designs and procedures used for the determinations are rarely provided in the literature.
The principal rules while determining the moisture saturation coefficients can be generalized in the following steps:
1) conditioning of oil sample to a known RS level at a given temperature, 2) measuring the absolute moisture content WCL of the oil sample, 3) calculating the saturation level S at the set temperature, based on Equation (1), and 4) repeating the procedure at three or more temperatures to obtain the coefficients according to Equations (2) or (3).
The calculation procedure applied in the study comprises a use of the least squares method for a linear regression, where the coefficient A e represents the intercept and B e the slope in a linear regression with x-axis = 1/T and y-axis = ln(WCL•100/ RS). To obtain results with sufficient accuracy, the correlation coefficient of the linear regression should not be less than 0.995.
The three test methods used for determining moisture saturation coefficients are described in detail below. Method 1 uses KF titration of liquids conditioned in a controlled climate chamber at an equilibrium state. Method 2 and Method 3 use both KF titration and capacitive sensor measurements. In Method 2 a dedicated test cell is introduced and the measurements are conducted at an equilibrium state, whereas Method 3 proposes a simple experimental setup and a quick procedure to conduct the measurements at a transient/quasi-equilibrium state.
Method 1
This method uses a closed chamber, exposing stirred liquid into a constant environment with preset RS and temperature. Such an environment can be achieved in different ways, including a climatic chamber, a chamber with saturated salt solution, or a chamber with controlled inflow of mixed wet and dry air. The absolute moisture content of the liquid at equilibrium state is measured through KF titration, and moisture saturation coefficients are calculated based on results obtained at multiple temperatures.
Experimental Design: As it is important to maintain a constant and reliable environment, this can be achieved by installing relative saturation and temperature sensors in the chamber for verification. It is also important to avoid contamination of the sample (i.e., salt or other contaminants), which might be an issue when choosing the salt solution control of the environment. In addition, an unnecessary overlong humidification period should be avoided to minimize the effect of oil oxidation/hydrolysis, as presence of polar by-products can affect the moisture saturation level. The choice of the method depends on the availability of equipment, but within the framework of this RRT, a climatic chamber was used.
Test Procedure: The liquid samples are put into small open beakers and placed in the chamber at a low temperature and low relative humidity to avoid direct water condensation into the liquid before the experiment starts. The climatic chamber should be stable and not vary more in a steady state than ±0.2°C and no more than ±0.5% in relative humidity.
Dried syringes are used for sampling the liquids and KF titration (direct injection method) is used to measure their absolute moisture content. Three samples per measurement are needed for repeatability check. Regular sampling and the measurements are continued until a stable moisture content level is reached, i.e., should not differ more than ±5%. The duration of this process depends on the stirring speed of oil, temperature, and the relative humidity of the air in the chamber. Repetition of the procedure for at least three temperatures is necessary to derive the moisture saturation coefficients.
Method 2
This method uses both KF titration and capacitive sensor measurements of the liquids conditioned in an airtight test cell at three temperatures. This method is described in detail in [2] .
Experimental Design: The main part of the measurement setup is a glass vessel of a volume ~1 L filled with a liquid to be tested, as shown in Figure 1 . The glass vessel should be airtight, sealed by a polytetrafluoroethylene lid. Instead of glass and polytetrafluoroethylene, other materials may be used that are characterized by very low hygroscopicity and do not react chemically with the investigated liquid. A gas-tight passthrough is placed on the top lid for insertion of the moisture and temperature sensors as well as a needle pass-through for liquid sampling. During conditioning, the insulating liquid should be mixed using a magnetic stirrer. Capacitive and temperature sensors should be placed directly above the stirrer.
Test Procedure:
The glass vessel is filled with the insulating liquid to be tested with about 10% headspace to allow thermal expansion. The conditioning process of the liquid should be carried out at, at least, three temperature levels between 20°C and 60°C and the difference between two subsequent levels should be at least 15°C, whereas the measured values of the liquid saturation RS should be within 75% (for low temperature) to 15% (for high temperature) in the above mentioned tempera-ture range. It is, therefore, recommended to initially moisten the liquid sample by bringing it to relative saturation of 60 ± 15% at 20°C. During subsequent conditioning processes, after achieving the preset oil temperature, the relative humidity (RH) of the air in the climatic chamber should be set close to the relative saturation RS of the oil to prevent eventual water migration in case of a leakage in the measurement setup. It is also recommended to release the potential overpressure built in the vessel by using the needle valve. The time of liquid conditioning, for each temperature level, should be long enough that the setup can reach the state close to equilibrium for moisture and temperature. Usually, three hours of conditioning is enough for each temperature level. After achieving the equilibrium state at each temperature, RS and temperature of the liquid are recorded; liquid samples are taken and water content of liquid is measured by means of KF titration.
Method 3
This method also uses KF titration and capacitive sensor measurements of the insulating liquids with a simple setup and a quick conditioning process.
Experimental Design: An aluminum bottle (commercially available size of 1.2 L) with a stirring bar is used as a test cell, as shown in Figure 2 . The test cell is filled with insulating liquid up to about 1 cm from the upper edge.
Test Procedure: After filling the liquid sample, the test cell is tightly closed and put into an air circulating oven at 80°C for approximately 3 hours. The cell is then taken out of the oven and placed immediately on a magnetic agitator, with a stirring velocity of about 50 rpm. The capacitive and temperature sensors are fitted in the test bottle through its enclosure. The capacitive sensor head should be positioned in the area of oil circulation. When the temperature is cooled down to the range between 60°C and 70°C, RS and temperature readings from the capacitive sensor are recorded and a liquid sample for absolute moisture measurement using KF titration is taken (three measurements). The procedure is repeated when the temperature decreases to the range between 30°C and 40°C and finally to the range near to room temperature. The measurements should be carried out at least at three temperatures.
Moisture Saturation Levels Obtained from RRT
Methods 1 and 2 were each used by only one laboratory taking part in the RRT, whereas Method 3 was used by all five laboratories. Table 1 provides an example of the mean values of moisture saturation coefficients A and B found in the tests for new mineral oil. The oil types tested were a new mineral oil (a mixture of hydrocarbons, naphthenic type), a service aged mineral oil (interfacial tension: 22 mN/m, acidity: 0.03 mg-KOH /g oil , color: 3.5, dissipation factor at 90°C: 0.058), a new synthetic ester (pentaerythritol tetra ester), a new natural ester (soybean oil), and a new silicone liquid (di-alkyl silicone polymer). The values obtained by means of the three methods of moisture saturation coefficients A and B were thereafter used to derive moisture saturation S curves, which are plotted in Figures 3 to 7 .
It is observed that Method 1 yields higher moisture saturation values than the other two methods. For the new mineral oil and the new silicone oil, there is only a slight difference in the moisture saturation, independent of which was used. In contrast, for the aged mineral oil, the synthetic ester, and the natural ester, the differences in the evaluated moisture saturations are larger, particularly for the synthetic ester. Figure 8 presents a comparison of moisture saturation curves of the various oil types studied in this work with information available in literature (mineral oil [3] - [18] ; synthetic ester [5] , [10] , [14] , [17] , [19] ; natural ester [5] , [9] , [14] , [17] , [20] , [21] ; and silicone liquid [5] , [22] , [23] ). As one of the conditions of the aged mineral oil could not be reliably compared, the relevant curve is omitted here. It can be seen that the differences between the literature and RRT curves for new or unaged liquids are minimal, except for the silicone liquid. The latter could be due to a lack of more literature results.
It is clear that moisture saturation depends not only on temperature or aging condition, but also on the type and composition of the insulating liquid. The lowest water saturation levels can be seen in the mineral oil, followed by the silicone liquid, the natural ester, and the synthetic ester. This difference has been attributed to the liquid polarity, of which mineral oil and silicone liquid are nonpolar or weakly polar. Both ester liquids have higher moisture saturation due to the presence of the polar ester functional groups. Generally, polar or ionic compounds will dissolve only in polar solvents, whereas nonpolar solutes dissolve in nonpolar solvents. The general rule of thumb is, "like dissolves like." As water molecules are polar, the presence of polar functional groups favors water dissolution in ester liquids.
Possible Evaluation Criteria for Moisture in Terms of RS
One of the biggest threats in moist transformers is a breakdown in the liquid insulation because of reduced dielectric strength by moisture content. Several tests correlating the AC breakdown strength of insulating liquids (mineral oils and es- ters) and their absolute moisture contents are described in the literature [23] − [31] . These dependencies can be recalculated on the RS using the earlier provided moisture saturation values. Figure 9 illustrates this dependence behavior for several result sets pertaining to each oil type. To facilitate aggregation and collation of data, moisture measurements used in all the references are expressed as RS values [24] . Similarly, for the breakdown voltage BDV, values recorded in all the references are expressed as relative BDV per unit (pu), by dividing the reference data in kilovolts (kV) by the breakdown voltage measured at the lowest RS. This per unit BDV representation is to account for different electrode gap distances used in different sources [24] .
Breakdown Voltage Level and Alert Values
An insulating oil has, after processing (drying and degassing), a relative saturation level below 3% and a breakdown voltage larger than 70 kV/2.5 mm. According to statistical data, which are reflected in international maintenance standards, e.g., IEC standard 60422, electrical equipment for the highest voltage ratings should be able to suitably function at a breakdown voltage level above 50 kV/2.5 mm [32] . This corresponds to a possible reduction of this parameter by about 30% as compared with the initial level. When taking into account the lower boundary line in Figure 9 , the 30% reduction in breakdown voltage corresponds to relative saturation value of about 30%. This allows use of RS of 20% as an early alert level when evaluating moisture content in the insulating liquid by means of capacitive sensors at service operating temperatures.
In addition to the early alert threshold, a plot of the ratio of relative saturation RS to temperature (RS/T) is introduced to indicate the hysteresis loop of moisture migration between solid and liquid insulation. Broad hysteresis loops of the RS/T curves are typically observed for moist transformers. They reflect the low diffusion time constant of moisture migration from oil to solid insulation during transformer cool-down periods. A single measurement of relative saturation of oil does not provide a full picture of the real moisture level of transformer insulation system. Only the analyses of the relative saturation records measured in a wide temperature range allow classification of the transformer into one of three groups: moist transformers, transformers fit for service, dry transformers, as exemplified in the following section.
The location of the moisture sensor should be planned carefully as it is important to expose it to a sufficient oil flow, since this affects its response time [16] , [33] . If using integrated capacitive sensors, a calculation model provided by the sensor manufacturer may be useful for assessment of moisture level at critical locations of different operational temperatures. Figure 10 presents a summary of available data on moisture measurements by capacitive sensors directly connected to oil flow in transformers (in the tank or cooler pipes) from a few cases of operating transformers. This example concerns transformers filled with mineral oil and can well be used to classify them into one of the three characteristic moisture levels. 
RS/T Hysteresis Curves for Transformers with Different Moisture Contents

Influence of Moisture Sensor Placement on Measurements
While evaluating transformer moisture level, it is important to consider the positioning and the accessibility of the moisture sensor to oil flow along with its relative saturation and temperature records. In the case of transformers with natural oil circulation, a typical vertical oil temperature gradient can reach 20 to 30 K at full load. Due to the difference between the top and bottom oil temperature, a notable difference between the measured RS values can be expected, which is also shown in the following example.
Tr P2 (ONAN cooled transformer)-Moisture sensors were placed in cooler pipes at tank top and tank bottom locations. Figure 11 shows the resulting RS/T hysteresis curves for both the cases in a moist transformer. Both hysteresis curves exceed 20% RS. The tank bottom curve reaches very high values at lower temperature, suggesting the risk of oil oversaturation with moisture and of a possible breakdown. It can also be seen that the hysteresis loop is significantly broader and steeper at lower temperatures, which reflects the dynamics of moisture migration between liquid and solid insulations.
Summary
This article presents an evaluation of various methods for calculating moisture saturation coefficients, which allow for conversion of KF titration results into relative saturation levels in insulating liquids. A statistical evaluation of the results showed that the uncertainty of the measurements and the impact of different measurement procedures (determination in transient or equilibrium state) have an effect on the uncertainty of the conversion. Reproducible values of moisture saturation coefficients can only be derived with sensors showing no tem- perature dependence, having a quick response and an adequate sensitivity (≤5% RS), and being compatible with the liquid being measured. As it refers to the measurement procedure for determination of the moisture saturation coefficients, it is recommended that at least three temperature levels with enough adequate intervals are chosen, aiming at variation of relative saturation RS in the liquid in the range between 5 and 75% RS.
The presented results of measurements by capacitive sensors in operating transformers, recording the actual bulk oil temperature in the oil flow, can be directly used for assessment of their moisture level and the related risks for operation, as the dependence between the breakdown voltage and relative saturation provides a valuable tool for predicting the risk of breakdown in the transformer liquid insulation. Otherwise, a calculation model may be needed to recalculate the critical RS values.
The shape of the derived RS/T hysteresis curve characterizes the temperature-driven dynamics of the moisture migration process between liquid and solid parts of the transformer insulation system. It is dependent on the moisture content level and on the rate of increase/decrease of temperature. The following criteria for quantification of risk associated with moisture levels have been derived based on the evaluation of RS/T hysteresis curves in the case of transformers filled with mineral oil:
• Shape (broadness) of the hysteresis curve-based on the recorded temperature interval, the RS difference between the minimum and maximum RS value in dry transformers is not higher than 15%. In moist transformers, a slow increase/decrease of operating temperatures is favorable to avoid oversaturation in oil and to reduce the risk of liquid breakdown.
• Maximum RS value of the hysteresis curve depends on transformer operating temperature-at temperatures higher than 40°C, a RS value of 20% and, at low operating temperatures, RS value of 30% should be treated as a sign of alert. These RS values correspond to the guidelines provided in the informative Annex B of IEEE standard C57.106:2015. Also in accordance with Annex A of IEC standard 60422:2013, the RS level in the range between 20 and 30% indicates wet cellulose insulation. The RS level in oil above 30% indicates extremely wet insulation. Senja Leivo is the senior industry expert at Vaisala in Finland. Her professional focus is on condition monitoring of power transformers. At Vaisala, with her 20 years of experience, she is responsible for identifying the strategic trends and new monitoring needs within the industry, as well as bringing customers' voices close to Vaisala's product development. As part of her expert role, she is an active member in CIGRE working groups. Leivo holds a master of science degree in materials engineering. 
